Hydroxylation of the rutile TiO 2 (110) surface has attracted much attention as the excess unpaired electrons introduced by hydroxyls play a critical role in surface chemistry and photocatalysis process of this material. In this work, based on density functional theory calculations with the Hubbard U correction, the electronic structures of the hydroxylated TiO 2 (110) surfaces have been studied. One interesting effect is found that the hydroxylation can elevate band edges of TiO 2 and thus can enhance its reducing power for photocatalysis. The underlying physical mechanism for such shifts of the band edges are associated with the electric dipoles arising from the hydroxyl groups on the surface.
■ INTRODUCTION
Many so-called "clean" single-crystalline oxide surfaces, obtained with usual cleaning procedures, are more or less covered by hydrogen atoms in the form of hydroxyls, because water readily dissociates on oxygen vacancies to form pairs of nearby bridging hydroxyl groups. 1−5 As an important technological material, TiO 2 has many applications, such as photochemical hydrogen production from water, medical implants, and wastewater treatment. In all these situations, TiO 2 surface contacts with water; therefore, the presence of hydroxyls at the interface between TiO 2 and water is inevitable, which is one of the most common point defects on the TiO 2 surfaces. The high hydroxyl coverage on TiO 2 surfaces can be reached by hydrogenation in the H 2 or atomic H atmosphere at high temperature or even at room temperature. 6−8 Both experimental and theoretical works have demonstrated that atomic hydrogen readily sticks to the bridging oxygen of the TiO 2 surface forming hydroxyl. 9−12 An interesting effect of hydrogenation is that the hydrogenated TiO 2 and other metal oxides usually show higher photoactivity and solar-to-hydrogen conversion efficiency. 13−18 In the past years, several theoretical studies have proposed a few mechanisms to explain the enhanced solar-to-hydrogen conversion efficiency of hydrogenated TiO 2 , such as surface distortions created by added H atoms, 19 different natures between different hydrogenated surfaces, 11 and localized midgap states within the forbidden band. 20 Even though, the widely accepted scenario has not been established yet.
The rutile TiO 2 (110) surface is the thermodynamically most stable crystal face and therefore represents the dominating facet of rutile crystallities. 21 Hydroxyls on the TiO 2 (110) surface give rise to excess electrons, which are localized on Ti atoms nearby and reduce their valence from a nominal +4 to +3. The unpaired excess electron trapped by a Ti atom induces the local distortion around due to strong Coulomb and exchange interactions, described as a polaronic structure. There have been a number of studies focusing on the characterization of polarons 22−26 and the effects of polarons on the surface chemistry and photochemistry of TiO 2 . 4,27−31 For example, the polarons create the midgap states in the electronic structure of the hydroxylated TiO 2 surface, 32 which can effectively enhance visible light absorption of TiO 2 . 33 However, other effects of hydroxylation to the electronic structure of TiO 2 , such as modulations of the band gap and the band edges, have not been studied before. It is well-known that, to use a semiconductor and drive reactions with light, the band gap and band edges of this semiconductor are essential properties. 34−36 For example, to decompose water (H 2 O → H 2 + 1/2O 2 ), the band gap of a semiconductor used as the photocatalyst must be greater than 1.23 eV, and the valence and conduction band edge energies must straddle the electrochemical potentials for two redox half reactions of water decomposition (see Figure 1 ). The reducing and oxidizing powers of the semiconductor for a half reaction are measured by the conduction and valence band edge energies respectively: the higher the conduction band edge energy and the lower valence band edge energy, the stronger tendency for reduction and oxidation.
Rutile TiO 2 is a semiconductor with a wide band gap of 3.0 eV, greater than the practical need for 1.6−2.4 eV to effectively drive water splitting. 36 Therefore, to use the solar radiation, many efforts have been aimed at the band gap narrowing of TiO 2 . 34, 35, 37 Besides, not only the band gap, but also the band edges are crucial in redox reactions. In fact, not both of two band edge positions of rutile TiO 2 are suitable to drive two redox half reactions of water decomposition. 38, 39 From the thermodynamic consideration, there is no problem for holes of the valence band to drive the oxygen evolution reaction since the hole energy is lower than the electrochemical potential for this oxidation reaction. However, its conduction band edge is only slightly greater than the potential of the H + /H 2 redox couple, implying a weak reducing power of the conduction band electrons to produce the hydrogen gas.
In this work, using the density functional theory with Hubbard U correction (DFT+U) calculations, we demonstrate that hydroxylation of TiO 2 can lift both the conduction/valence band edges in a synchronous manner, suggesting that the reducing power increases and the hydrogen evolution reaction is promoted to be more efficient. The blue shifts of the band edges is electrostatic in origin and results from the dipoles created by the presence of hydroxyls at the TiO 2 surface. Our calculation may provide a reasonable explanation for higher solar-to-hydrogen conversion efficiency of the hydrogenated TiO 2 .
■ METHODOLOGY
The band structure calculations were performed using the projector-augmented wave pseudopotentials as implemented in the Vienna ab initio simulation package (VASP). 40, 41 The electronic interactions are described within the GGA+U formalism, where the Hubbard-type correction was applied on Ti's 3d orbitals. U = 3.5 eV for Ti's 3d orbitals was chosen in the present work based on the previous works that suggested that this U value could give a correct description of the polaronic states of the reduced TiO 2 and the interaction between hydrogen and the TiO 2 surfaces. 33 The energy cutoff for plane wave basis was set to be 450 eV. The atomic positions and cell parameters were relaxed until the forces on each atom are less than 0.01 eV/Å, and the self-consistent convergence accuracy was set at 1 × 10 −5 eV.
The (110) surface of TiO 2 was modeled by (3 × 2) periodically repeated slabs of four trilayers, in which the atoms of bottom two layers were fixed at their bulk positions 10 (see Figure 2a ), leaving the top two layers to be the reconstructive surface layers. To simulate the open surface, there is a vacuum space between the slab and its periodic replicas along the [001] direction. At the surface, the coordinations of O and Ti are reduced. As shown in Figure 2a Hydrogen adsorption on the surface was modeled by adding neutral H atoms to the O 2c atoms. While Γ-point sampling was used for geometrical relaxation of surfaces, automatically generated Γ-centered 3 × 2 × 1 Monkhorst−Pack mesh was used for all electronic structure calculations. The monopole, dipole, and quadrupole corrections have been applied to the electrostatic interaction between the slab and its periodic images in the direction perpendicular to the slab.
To compare the Kohn−Sham levels from different DFT calculations, we select the vacuum level as the common zero energy reference (shifted to 0 eV) for the bands energy alignment. 42 reported that such a configuration for unpaired electrons has low energy. 45 In fact, according to the ligand field arguments for octahedrally coordinated metal oxide, 46 the excess electron will occupy a Ti's 3d orbital from the t 2g set, which will lead to the local Jahn−Teller distortion due to the electron−lattice coupling. Thus, two small polarons are formed. A picture of the paramagnetic triplet state rather than the singlet closed shell state for the two excess electrons originating from a pair of hydroxyls or a bridging O removal on the TiO 2 (110) surface was also provided by previous calculations, 23, 25, 45 consistent with the result of our DFT+U calcultion.
According to the density of states (DOS) of this hydroxylated surface, two peaks, which are attributed to the two polarons, present in the forbidden gap in comparison with the DOS of the pure surface, as shown in Figure 2c ,d. One polaronic state lies about 0.50 eV and the other is about 0.77 eV below the conduction band edge. In addition, the two hydroxyl σ bonding O−H states present at about 6.23 eV below the valence band edge. Both these characteristic energy states obtained in our DFT+U calculation are in agreement with the prediction from the highly accurate hybrid exchange functional (B3LYP). 23 Shifts of the Band Edges of the Hydroxylated Surfaces. Using the vacuum level as a zero energy reference, the band energies for the hydroxylated and pure surfaces are aligned. Then the differences of the valence band edge, conduction band edge, and band gap between the hydroxylated surface and the pure one are summarized in Table 1 .
It is obvious that the band gap of the rutile TiO 2 (110) surface hardly varies with the formation of the hydroxyls on it. In fact, previous experiments performed by Wang 47 did not observe the change of band gap upon the treatment by hydrogen, which seems to support our theoretical calculation. And the enhanced visible light absorption of the hydrogen-treated nanowire arrays in Wang et al's experiment 16 is be probably due to the electron transition between the polaronic states and the conduction bands.
In contrast with the almost constant band gap, the valence and conduction band edges of the surface experience the almost identical energy shift toward the vacuum level upon hydroxylation. As expected, the extent of shift increases with the hydroxyl coverage. When all outmost O 2c atoms are bound by H atoms, the energies of both band edges increase ∼1.82 eV relative to those of the pure surface. The blue shift of the conduction band edge suggests that the hydroxylated surface of this semiconductor can enhance the reducing power for producing hydrogen gas in the process of splitting water under illumination according to thermodynamics. Many experiments have reported that the hydrogen-treated TiO 2 and other metal oxides can exhibit the high photoactivity and solar-to-hydrogen conversion efficiency, 13−18 while the underlying mechanism is still well established. The results from our DFT+U calculations provide a reasonable explanation for the higher solar-to-hydrogen conversion efficiency of the hydrogentreated metal oxides.
The hydroxyl on the TiO 2 (110) surface is mobile. 4,5,48 Thus, it is meaningful to study different hydroxyl sites at the same surface coverage level. As an example, the shifts of the band edges and the band gap are studied for the 1/3 monolayer (ML) hydroxyl coverage. As shown in Table 1 , the results suggest the change of position of two hydroxyls does not cause much difference in the band gap as well as the band edges. In other words, the shifts of band edges due to the hydroxylation are robust, not sensitive to the hydroxyl configuration on surface.
Effect of the Electrostatic Dipoles. The blue shift of band edges and constant band gap can be attributed to the electrostatic dipoles created by the hydroxylation. The stoichiometric rutile TiO 2 (110) surface itself is nonpolar. However, for the hydroxylated surface, the total dipole moment should consist of two contributions: the intrinsic dipole of hydroxyls themselves, p hydroxyls , and the polaronic dipoles, The dipoles will generate a local electric field and thus the electrostatic potential will be modulated near the surface. Approximately, the variation of band edges induced by dipoles can be formulated according to the simple parallel-plate capacitor model, 49 where A is the surface area and ε is the effective dielectric constant of the surface layers. Since the chemical environment of the dipoles are different, eq 2 is partitioned into two terms, corresponding to the two parallel-plate capacitors, the hydroxyl one exposed in vacuum and the polaronic one embedded in the slab, as illustrated in Figure 3b . To estimate the individual dipole moment of the hydroxyl groups, p hydroxyl,z , the dipole moment of the water molecule is used because the bond length of the hydroxyl groups on surfaces (∼0.97 Å) is almost identical to that in the water molecule (0.96 Å). 50 It is well-known that the total dipole moment of a water molecule, p water , is 0.386 eÅ. 50 Thus, the individual component, p OH, can be straightforwardly estimated as 0.315 eÅ (see Figure 3c for the geometry of p water and p OH ). Considering the orientations of the hydroxyl groups on the surface, p hydroxyls,z = ∑p OH cos θ i , where θ i is the angle between p OH of a hydroxyl group and the normal of the surface. Then, for the surface with 1/6, 1/3, 2/3, and 1 ML hydroxyl coverage p hydroxyls,z are 0.32, 0.40 (0.49, 0.50), 0.75, and 1.14 eÅ, respectively. Then the corresponding dipole moments of the polarons is 0.07, 0.07 (0.06, 0.06), 0.04, and 0.05 eÅ, obtained from the total dipole moment of the hydroxylated surface subtracting the estimated hydroxyl dipole moment. The direction of the polaron dipole moment is parallel with the hydroxyl dipole moment. The variation of band edges is proportional to the effective dipole moment (EDM), defined by (εp hydroxyls,z + p polarons,z )/εA. The effective dipole moments of various hydroxylated TiO 2 (110) surfaces are given in the last row of Table 1 .
The shifts of band edges of the hydroxylated surface calculated using both eq 2 and aforementioned DFT+U method are plotted in Figure 4 as a function of the effective dipole moment. First, these two methods give coincident results of band edges' shifts. In this sense, it is reasonable to argue that the electric field confined in the parallel-plate capacitors, as sketched in Figure 3 , results in an increase in the potential energy of the electron, and the shifts of band edges are electrostatic in origin. Second, Figure 4 also indicates the different contribution of the two components of the total dipole moment to the shifts of the band edges. While the hydroxyl groups on the surface play a dominant role in shifts of the band edges of TiO 2 , the component, p polarons,z /εε 0 A, contributes a little and hardly varies with the hydroxyl coverage. The bridging oxygen hydroxyl coverage can effectively tune the band edges, even at a low coverage (e.g., 1/6 ML). Then the band edges of TiO 2 will straddle the water redox potentials well.
Finally, it should be noted that although TiO 2 annealed in hydrogen atmosphere may achieve a high hydroxyl coverage on the surfaces, 13 other defects may be also introduced, for example, Ti 5c -H. A Ti 5c -H defect creates the opposite dipole moment in direction relative to the O 2c -H defect, decreasing the shifts of the band edges and then the reducing power of the conduction band, which is disadvantaged for the solar-tohydrogen conversion efficiency.
■ CONCLUSIONS
In this work, we have studied of the effect of hydroxylation of the TiO 2 (110) surface to its band gap and band edges. While the band gap hardly varies with the extent of hydroxylation, the valence and conduction band edges experience almost identical energy shifts toward the vacuum level upon hydroxylation. The shifts of band edges are electrostatic in origin and result from dipoles created in the surface by hydroxylation. The increased conduction band edge energy means that the hydroxylated TiO 2 surface enhances the reducing power during water splitting under illumination. 
